[1] Biomass burning (BB) aerosol particles affect clouds through competing microphysical and radiative (semi-direct and cloud absorption) effects, each of which dominates at different degrees of aerosol loading. Here, we analyze the influence of competing aerosol effects on mixed-phase clouds, precipitation, and radiative fields over the Amazon with a climate-air pollution-weather forecast model that treats aerosol-cloud-radiative interactions physically. Extensive comparisons with remotely sensed observations and in situ measurements are performed. Both observations and model results suggest an increase in cloud optical depth (COD) with increasing aerosol optical depth (AOD) at low AODs, and a decrease in COD with increasing AOD at higher AODs in accord with previous observational and modeling studies. The increase is attributed to a combination of microphysical and dynamical effects, whereas the decrease is attributed to a dominance of radiative effects that thin and darken clouds. An analogous relationship is shown for other modeled cloud variables as well. The similarity between the remotely sensed observations and model results suggests that these correlations are physically based and are not dominated by satellite retrieval artifacts. Cloud brightening due to BB is found to dominate in the early morning, whereas cloud inhibition is found to dominate in the afternoon and at night. BB decreased the net top of the atmosphere solar+IR irradiance modestly, but with large diurnal variation. We conclude that models that exclude treatment of aerosol radiative effects are likely to over-predict the microphysical effects of aerosols and underestimate the warming due to aerosols containing black and brown carbon. 
Introduction
[2] The effect of aerosols on clouds, precipitation, and the radiative balance remain one of the largest uncertainties in our climate system [Forster et al., 2007] . Aerosols have been shown to influence clouds through microphysical effects, which increase cloud brightness [Twomey, 1977] , lifetime [Albrecht, 1989] , and vertical extent by increasing cloud droplet number concentrations [Andreae, 2009; Feingold et al., 2001; Gunn and Phillips, 1957 ] and by decreasing low-level precipitation rates [Andreae et al., 2004] . The reduction in warm precipitation due to microphysical effects has also been hypothesized to allow stronger updrafts to form, increasing cloud height and allowing additional latent heat of freezing to be released, in turn increasing cloud ice, lightning, and convective precipitation [Andreae et al., 2004; Khain et al., 2005; Martins et al., 2009; Rosenfeld and Woodley, 2000; Williams et al., 2002] .
[3] Aerosols have also been shown to influence clouds through radiative (semi-direct and cloud absorption) effects. The semi-direct effect arises as absorbing aerosol particles in the air warm the air relative to the surface, increasing the low-level atmospheric stability [Jacobson, 1998; Menon et al., 2002] . An increase in stability reduces the vertical mixing of energy and moisture from the surface to the cloud, reducing the relative humidity in the cloud, thinning the cloud [Nicholls, 1984; Ramanathan et al., 2005; Yu et al., 2002; Zhang et al., 2008] . The direct warming of the air around the cloud also reduces the relative humidity. The loss of cloud cover due to the increased stability and reduced relative humidity from absorbing aerosols below and around clouds is referred to as the semi-direct effect [Ackerman et al., 2000; Hansen et al., 1997; Jacobson, 2002a] . This effect is sensitive to the height of the aerosol layer relative to the cloud [Koch and Del Genio, 2010; Koren et al., 2004; McFarquhar and Wang, 2006; Randles and Ramaswamy, 2008] . 1 [4] The heating of a cloud due to the direct absorption of solar radiation by aerosol inclusions within cloud drops and interstitial aerosol particles between cloud drops is the cloud absorption effect. Black carbon (BC) within cloud drops warms the air more than it does outside of cloud drops due to multiple scattering of radiation inside cloud drops, increasing the likelihood that some of that radiation will intercept the BC [Grassl, 1975] . The cloud absorption effect has been used to explain in part why data indicate that thick clouds often have a low albedo [Danielson et al., 1969] . The effect has also been used to suggest through scaling arguments that the upper limit of the annual, global average of BC heating due to cloud absorption may be 1-3 W/m 2 , dependent on the position of the BC in cloud drops [Chýlek et al., 1996] . The effect has been modeled assuming a single BC inclusion within drops but not accounting for interstitial BC or multiple BC inclusions [Conant et al., 2002] . Global-scale calculations accounting for the absorption by multiple BC inclusions arising from nucleation scavenging and aerosolhydrometeor coagulation, as well as absorption by BC interstitially between drops, suggest that interstitial and incloud absorption by BC may be a strong contributor to the global warming caused by BC [Jacobson, 2006 [Jacobson, , 2010 .
[5] Observational and theoretical studies have suggested a smooth transition may exist among the competing microphysical and radiative aerosol effects on clouds [Koren et al., 2008; Rosenfeld et al., 2008; Ten Hoeve et al., 2011] . Over the Amazon, Koren et al. [2008] illustrated that microphysical effects appeared to dominate at low aerosol loadings, increasing cloud cover and height, whereas radiative effects appeared to dominate at higher aerosol loadings, decreasing cloud cover and height. Rosenfeld et al. [2008] also found an optimal aerosol optical depth (AOD) where convection is theoretically maximized at a similar AOD threshold to that found in Koren et al. [2008] . Observations of aerosol-cumulus cloud relationships over the Indian Ocean show a similar behavior [Dey et al., 2011] . A cloud-resolving modeling study of warm clouds over the Amazon Basin by Jiang and Feingold [2006] also showed this two regime behavior in cloud optical depth (COD) versus aerosol loading for simulations including radiative effects of aerosols on cloud heating and surface fluxes. Cloud fraction, liquid water path, cloud drop number, and surface latent and sensible heat flux all decrease in a simulation with radiative coupling compared to a simulation without radiative coupling [Jiang and Feingold, 2006] .
[6] Many remote sensing studies have illustrated relationships between cloud properties and aerosol loading [Kaufman and Koren, 2006; Kaufman et al., 2005a; Koren et al., 2010a Koren et al., , 2008 Koren et al., , 2005 Lin et al., 2006; Lindsey and Fromm, 2008; Loeb and Schuster, 2008; Quaas et al., 2008; Sekiguchi et al., 2003; Ten Hoeve et al., 2011; Yu et al., 2007] . However, these relationships may also be affected by other factors such as meteorological biases [Mauger and Norris, 2007; Ten Hoeve et al., 2011] , swelling of aerosols near clouds [Myhre et al., 2007; Quaas et al., 2010; Twohy et al., 2009] , or brightening of aerosols near clouds [Marshak et al., 2008; Várnai and Marshak, 2009; Wen et al., 2006] . Several studies have attempted to account for these confounding effects and conclude that observed correlations between aerosols and clouds are likely physically based [Jones et al., 2009; Kaufman et al., 2005b; Koren et al., 2010a; Yuan et al., 2008] . Nevertheless, remotely sensed correlations between cloud properties and aerosol loading alone cannot determine causation [Stevens and Feingold, 2009] . Instead, coupling of remote sensing observations with 3-D simulations using a model that contains physical processes representing both microphysical and radiative effects is required to study more completely the impact of aerosols on clouds and climate. A few studies to date have compared remote sensing relationships between cloud variables and aerosol loading with modeled aerosol-cloud relationships [Myhre et al., 2007; Quaas et al., 2010 Quaas et al., , 2009 . Models used in these studies contained varying degrees of sophistication with respect to microphysical and radiative aerosol-cloud processes and also with respect to atmospheric feedbacks. Modeled aerosolcloud relationships often did not resemble each other or the remotely sensed relationships, highlighting the need for continued research .
[7] In this study, we perform high-resolution modeling simulations of both microphysical and radiative effects of biomass burning (BB) aerosols and gases on clouds, precipitation, and the regional radiative balance and compare modeled aerosol-cloud relationships with remotely sensed aerosol-cloud relationships. We then develop additional aerosol-cloud/precipitation/radiation relationships between simulations with (w/) and without (w/o) BB to isolate the effect of BB on the regional climate.
Methodology

Model Description
[8] GATOR-GCMOM is a one-way-nested Gas, Aerosol, Transport, Radiation, General Circulation, Mesoscale, and Ocean Model that simulates both weather and air pollution on global and regional scales. It is used and evaluated here to assess the short-term effects of BB aerosols on clouds and precipitation over the Amazon Basin. A similar modeling and data evaluation study analyzing urban pollution with GATOR-GCMOM over the Los Angeles Basin was conducted by Jacobson et al. [2007] . The model was described in detail by Jacobson [2010] . Global dynamics were solved with a mass-, energy-, vorticity-, and potential enstrophyconserving scheme by Arakawa and Lamb [1981] . Regional dynamics were solved using finite difference solutions to the momentum, thermodynamic energy, and water continuity equations, as described by Jacobson [2001a] . A global domain and three nested regional domains were used. The grid resolution of the global domain was 4.0 NS Â 5.0 WE and grid resolutions of the regional domains ranged between 1.0 NS Â 1.0 WE for the coarsest domain and 0.2 NS Â 0.2 WE for the finest domain (Figure 1 ). At these relatively coarse domain resolutions, cloud-scale thermodynamics and mesoscale circulations smaller than about five times the grid size could not be explicitly resolved. As a result, limitations existed with respect to simulating convection and cloud-scale microphysical-dynamical feedbacks in these model runs.
[9] Ground temperature and soil moisture in 10 subsurface layers in each subgrid surface class in each surface grid cell were computed online in the model. Each grid cell was divided into as many as 12 soil texture classes [Food and Agriculture Organization, 1996] and 15 surface classes according to Moderate Resolution Imaging Spectroradiometer (MODIS) combined Terra/Aqua land cover data at 1 km resolution [Friedl et al., 2010] . Rather than averaging soil parameters over each grid cell, a subgrid heterogeneous method was employed. Soil moisture and temperatures were tracked in each layer of each soil type in each grid cell, and fluxes determined at the surface of each soil type were averaged to obtain grid cell average fluxes [Jacobson, 2001a] . The land surface model and atmospheric model were coupled so that sensible and latent heat fluxes were calculated at each time step and in each grid cell based on properties of the subgrid land surface and the atmosphere, including impacts from clouds and aerosols. The vegetation fraction and leaf area index inside each soil class was determined each month from MODIS Terra Normalized Difference Vegetation Index (NDVI) data and MODIS Terra Leaf Area Index (LAI) data [Huete et al., 2002; Wenze et al., 2006] . The Climate Prediction Center global monthly soil moisture data set was used to initialize soil moisture in the model [Fan and van den Dool, 2004] .
[10] Gas processes treated include emissions, photochemistry, gas-to-particle conversion, gas-to-cloud conversion, gas-cloud exchange, gas-ocean exchange, convection, advection, molecular diffusion, turbulent diffusion, and dry deposition. Aerosol processes treated include emissions, homogeneous nucleation, condensation, dissolution, dry and wet deposition, aerosol-aerosol and aerosol-hydrometeor coagulation, sedimentation, and transport [Jacobson, 2002b] . Gases and particles were transported using a mass-conserving and peak-preserving advection scheme [Walcek, 2000] . An internally mixed aerosol size distribution with 14 size bins with diameters between 2 nm and 50 mm, and three hydrometeor distributions (cloud/liquid, cloud/ice, and cloud/graupel) each with 30 size bins with diameters between 0.5 mm and 8 mm, were used. Particle number and mole concentrations of 16 chemical species were tracked in each aerosol and hydrometeor size bin of each size distribution. Only one internally mixed aerosol distribution was used in these simulations since BB BC and organic carbon (OC) coagulate quickly after emission. A full list of the treated species is provided by Jacobson [2010, Table 1 ].
[11] Model simulations included a radiative transfer algorithm [Toon et al., 1989] that determined diabatic heating rates, actinic fluxes for photolysis, and radiation available for photosynthesis [Jacobson, 2010] . A total of 694 wavelength intervals were used for radiative transfer through gases, aerosols, and cloud drops [Jacobson, 2005] . Wavelengthdependent optical properties of aerosols and clouds were calculated by integrating optical properties over each size bin in each aerosol and hydrometeor size distribution. Aerosol optical properties of some organic aerosol components used in the model are provided by Jacobson [1999] . For aerosol optical calculations, BC was treated as a core surrounded by a mixed shell. For cloud optical calculations, BC aggregates were treated as polydisperse spherules using the dynamic effective medium approximation [Jacobson, 2006] . Aerosol radiative effects were treated for aerosols in clear skies, aerosols within cloud and precipitation drops, and interstitial aerosols between cloud drops [Jacobson, 2010] .
[12] The model treated the interaction of size-and composition-resolved aerosols with size-and compositionresolved mixed-phase clouds [Jacobson et al., 2007] . Cumulus and stratus thermodynamics were determined with parameterizations; however, all cloud and precipitation microphysics were time-dependent, explicit, and size-and composition-resolved [Jacobson, 2003; 2010; Jacobson et al., 2007] . Cloud thermodynamics were calculated with an Arakawa-Schubert cumulus parameterization that allowed the formation of between 0 and 500 subgrid cumulus clouds per column, each defined by a different cloud base and top. The parameterization was used to determine cumulus cloud fraction, cloud base and top heights, and cumulus redistribution of momentum to the grid scale [Ding and Randall, 1998 ]. Cumulus cloud fractions were calculated assuming no overlap, whereas combined cumulus-stratus cloud fractions were calculated assuming random overlap between individual layers.
[13] For each subgrid cloud, the model first calculated a vertical mass flux in each layer, which was used to determine rates of transport of moisture and energy to different levels in the cloud as well as the vertical extent of the cloud. The mass flux depended on the entrainment rate, stability, and moist static energy in the cloud. Grid-scale gases and size-and composition-resolved aerosol particles were then convected vertically among all layers of each subgrid cloud in a mass-conserving manner using a 1-D plume model [Jacobson, 2003] . Next, all bulk cloud and precipitation water in each layer in each subgrid cloud guessed by the cumulus parameterization was evaporated/sublimated and was allowed to recondense/redeposit on size-and composition-resolved aerosols in each vertical layer in a timedependent manner based on Köhler theory, approximating aerosol activation during adiabatic ascent since the subgrid cumulus parameterization determined the moisture and energy transport to each layer in the cloud. In this way, explicit aerosol-cloud microphysics were treated [Jacobson, 2003] . Microphysical processes accounted for in the model included condensation, evaporation, aerosol-hydrometeor and hydrometeor-hydrometeor coagulation, contact freezing by interstitial aerosols, heterogeneous and homogeneous freezing, drop breakup, sedimentation of hydrometeors and their aerosol inclusions, coagulation of precipitation hydrometeors with interstitial and below-cloud aerosols (washout), removal of precipitation and incorporated aerosols (rainout), below-cloud evaporation/sublimation to aerosol cores, gas washout, aqueous chemistry within liquid cloud and aerosol particles, and heterogeneous chemistry on ice crystals. When hydrometeor particles evaporated or sublimated, the aerosol core returned to the clear-sky aerosol size distribution. Ice crystals formed through heterogeneous nucleation and ice growth, evaporative freezing of liquid drops, contact freezing of liquid drops, and homogeneous plus heterogeneous freezing of liquid drops [Jacobson, 2003] . Temperature and water vapor changes due to microphysical calculations were added to the grid scale in an energy-and mass-conserving manner.
[14] In sum, the model physically treated both microphysical effects (changes to the number and sizes of cloud drops with resulting changes to cloud and precipitation characteristics) and radiative effects (semi-direct and cloud absorption effects) of black and brown carbon aerosols on mixed-phase clouds and precipitation. Aerosol microphysical effects on cloud ensembles were physically treated with an explicit size-and composition-resolved aerosol-cloud microphysics scheme [Jacobson, 2003; Jacobson et al., 2007] . The model has the capability of simulating clouds explicitly, but for domain resolutions higher than the resolutions used in this study. Aerosol absorption effects were treated physically through wavelength-dependent aerosol absorption in clear skies, within cloud drops, and between cloud drops. Changes to the radiative balance were quantified through changes to the radiative flux at the surface and the top of the atmosphere (TOA), including feedbacks to meteorology [Jacobson, 2002a [Jacobson, , 2010 Jacobson et al., 2007] .
Satellite Data Sets
[15] Daily Level 2 V5 AOD, COD, column water vapor, and cloud top pressure from the MODIS Aqua satellite were used to validate model results over the simulation period [Levy et al., 2010; Platnick et al., 2003; Remer et al., 2005] . The 13:30 LT afternoon Aqua overpass was used instead of the 10:30 LT morning Terra overpass since cumulus clouds are more developed in the afternoon than the morning [Negri et al., 2004] . The Level 2 MODIS data sets, at resolutions between 1 km and 10 km, were upscaled to the spatial resolution of the coarser model domains for comparison. MODIS AOD is retrieved for a wavelength of 0.55 mm and compares well with AErosol RObotic NETwork (AERONET) observations within an expected error envelope of AE(0.05 + 15%) [Levy et al., 2010] . Data that were considered "bad" according to the quality assurance data were removed. We also employed 3-h TRMM 3B42 precipitation rate data at 0.25 Â 0.25 resolution, also upscaled to the coarser resolution of the model domains, to validate daytime model precipitation rates [Huffman et al., 2007; Kummerow et al., 1998 ]. The 3B42 product combines high quality microwave precipitation estimates with infrared precipitation estimates, scaled by rain gauge data [Huffman et al., 2007] .
In Situ Observations
[16] In situ observations of both aerosol and meteorological variables were paired with model results in time and space. Hourly surface observations of temperature, dew point, wind speed, and wind direction from the Integrated Surface Hourly Database (ISH) were used to validate surface model results over the simulation [Lott et al., 2001] . A total of 347 stations were used for comparison throughout the study domain. Depending on the station, data were reported either hourly or 3 to 4 times per day. Modeled values were paired in time and space with each observation. Upper-air temperature, dew point, wind speed, and wind direction data from the Integrated Global Radiosonde Archive were used to validate upper-air meteorological variables averaged over the simulation [Durre et al., 2006] . Model results at 35 levels were compared with radiosonde data at 14 pressure levels (1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, and 30 hPa) . Radiosondes were released at 0Z and 12Z each day, and were compared with model values for those times. A total of 29 stations were located in our study domain during the study period; however, only a few representative stations are shown.
[17] Level 2.0 cloud-screened AOD measurements and single scattering albedo (SSA) inversions from up to eight AERONET stations were used to compare with model results ]. AERONET stations utilize ground-based sun-sky photometers to measure total aerosol loading and employ almucantar sky radiance scans to estimate aerosol properties in the cloud-free sky [Dubovik and King, 2000; Eck et al., 1999] . Model results and AERONET observations were averaged over the simulation and were compared using tests of statistical significance. To retain only the most accurate retrievals, only AERONET inversions with a solar zenith angle greater than 50 , a skyradiance fitting error less than 5.0%, and a sphericity greater than 90% were used. In addition, only SSA values (both measured and modeled) with a corresponding AOD above 0.5 were used to separate days dominated by BB emissions and days dominated by other aerosol sources such as urban aerosol.
Model Simulations
[18] The effect of BB on clouds and precipitation over the Amazon Basin was demonstrated through simulations that included and excluded BB emissions. BB particles can serve as cloud condensation nuclei [Andreae, 2009; Feingold et al., 2001] but can also absorb visible and infrared radiation [Ramanathan et al., 2005] , thus participating in both microphysical and radiative effects. As these smoke particles age and are aggregated with other constituents, absorption is increased due to enhanced scattering into the BC core [Bond et al., 2006; Jacobson, 2001c] . Fossil fuel, soil dust, and pollen/spore/bacteria aerosol, as well as biogenic emissions that convert to aerosol, were included in both simulations. Dry matter BB emissions were obtained from the Global Fire Emissions Database V2 (GFEDv2) assuming wood was 45% carbon by mass . In GFEDv2, emissions are produced at a spatial resolution of 1 Â 1 and at a temporal resolution of 8 days using MODIS 8-day fire TEN HOEVE ET AL.: AEROSOL-CLOUD INTERACTIONS OVER AMAZON D08203 D08203 hot spots [Giglio et al., 2003] . Dry matter emissions were classified by land cover type and were scaled by emission factors for both gases and particles according to the dominant land cover type [Andreae and Merlet, 2001; Defries and Townshend, 1994; Ferek et al., 1998] . Coarse particle emissions were assumed to be 25% of fine mode BC emissions by mass and 45% of fine mode primary organic carbon (POC) emissions by mass [Jacobson, 2006] . The POM to POC ratio was assumed to be 2.1:1. The emissions were first fit to a continuous multimodal lognormal distribution according to measured distributions of fresh BB smoke [Janhäll et al., 2010; Reid and Hobbs, 1998 ]. The continuous distribution was then discretized into size bins with BC particles assumed to consist of an aggregate of spherules coated by other chemical constituents such as POM [Jacobson, 2010] . Typical optical properties of BB aerosols in this region and season are provided by Dubovik et al. [2002] . The potential virtual air temperature inside each fire plume was assumed to be 5 K greater than the ambient air, in accordance with field measurements of wildfires in Brazil [Riggan et al., 2004] . The emissions were then assumed to be well mixed to a height where the plume was buoyant (i.e., the potential virtual temperature equaled the ambient potential virtual temperature). Heat released from biomass combustion fed back to the temperature of the lowest layer at the grid scale. Water vapor emissions from BB were also included.
[19] Our study period extended from 12Z 31 Aug 2006 to 12Z 30 Sep 2006, during the peak of the BB season. BB is one of the primary sources of carbonaceous aerosols in the Southern Hemisphere [Seiler and Crutzen, 1980] and it dominates the regional aerosol loading during this season [Torres et al., 2010] . Model simulations were initialized with 1 Â 1 reanalysis meteorological fields (1 Â 1 reanalysis fields, 2006, Global Forecast System, http://dss. ucar.edu/datasets/ds083.2/matrix.html). Figure 1 illustrates the locations and spatial resolutions of the three regional domains utilized in the study (D2-D4). Forty-four vertical sigma-pressure levels were employed in the global domain and 35 levels were employed in the regional domains, with 15 layers in the bottom 1 km, 4 layers between 1 km and 3 km, 7 layers between 3 km and 10 km, and the remaining layers above 10 km. The thickness of the lowest model layer was 30 m. Also plotted in Figure 1 are GFEDv2 dry matter emissions summed over the 30-day study period in each 1 Â 1 grid box. Over domain D3, GFEDv2 reported total dry matter emissions of 215 Tg for the study period. Variables in higher resolution nested domains did not propagate to coarser domains due to the one-way nesting in the model. To study the causal effect of BB emissions in each domain, simulations including and excluding BB were run individually for domains D3 and D4. BB emissions were always included for domain D3 in simulations that included and excluded BB emissions for domain D4.
[20] Vectors in Figure 1 represent 700 hPa National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis data averaged over the study period [Kalnay et al., 1996] . Counterclockwise winds of the South American Subtropical High are visible in Figure 1 over eastern Brazil during this month [Nobre et al., 1998 ]. These winds advect BB emissions from source regions over the arc of deforestation to the southeast and eventually over the Atlantic Ocean. High pressure also minimizes the effect of meteorological variability on cloud properties, allowing aerosol effects to be better isolated in remotely sensed relationships [Koren et al., 2004] . Patchy, shallow, non-precipitating cumulus clouds that form at the top of the boundary layer are most prevalent during this region and season [Nobre et al., 1998 ]. Most convective clouds are constrained by large-scale subsidence within the aerosol layer; however, deep convective clouds, which may be decoupled from the smoke below, also occur at times. The majority of BB smoke exists at or below the cloud layer, although occasionally smoke plumes are pumped to higher altitudes through deeper cumulus convection. Cloud fields generally form by noon and dissipate overnight [Koren et al., 2004; Negri et al., 2004] .
Results
Model Comparisons With Data
[21] We evaluated results from model simulations against satellite remote sensing observations, surface and upper-air meteorological measurements, and AERONET retrievals of aerosol properties. Figure 2 compares model results with remotely sensed observations of AOD, column water vapor, cloud-averaged COD, minimum cloud top pressure, and precipitation rate averaged over the 30-day simulation period for domain D3. Only model results corresponding to the daytime overpass times of MODIS and TRMM are used for comparison. We find consistency in the location and magnitude of the peak AOD between MODIS and model values in Figures 2a and 2b , yet the model under-predicts simulation-and domain-averaged AOD by 34%. This underprediction of total AOD is common in tropical regions such as the Amazon, where heavy cloud cover and obscured surface burning due to the thick canopy can lead to large under-predictions of burned area used to estimate dry matter emissions . Uncertainties in particle emission factors and other model processes may also contribute to the difference in aerosol loading. In [22] Figures 2i and 2j show comparisons between TRMM daytime precipitation rate and model daytime precipitation rate. The model underestimates the magnitude of the highest precipitation areas and replicates the location of those areas only somewhat well. Because these model simulations did not resolve clouds explicitly, some difference between model values and observations in Figures 2e-2j is to be expected. Mesoscale circulations smaller than the grid scale, particularly those created by convective outflow, were not resolved. Furthermore, the microphysical-dynamical relationships between aerosols and clouds on the individual cloud scale were not resolved in time, contributing to the difference between observations and model results [Khain et al., 2005] . The model does, however, match the simulationand domain-averaged precipitation well in Figures 2i and 2j with an average precipitation rate only 5% below the observed rate. Yet, this agreement could also be attributed to constraints on the regional hydrological budget. Auxiliary material Figure S1a shows the distribution of clouds modeled in the study for domain D4. 1 The majority of clouds (>70%) formed in the simulation are shallow clouds with CODs below 10. Auxiliary material Figure S1b indicates that as COD increases, average precipitation in the grid cell also increases as expected, but auxiliary material Figure S1c indicates that the total amount of precipitation over the simulation is at a maximum for CODs near 40. This is the optimal value given that the majority of clouds are small clouds but the average precipitation is higher for large clouds. Overall, only a small fraction of the total precipitation over the simulation falls from the most common shallow cumulus clouds.
[23] Figure 3 shows comparisons of temperature, dew point, wind speed, and wind direction averaged over the 30-day simulation for three representative upper-air stations in domains D3 and D4 to validate model skill of non-surface meteorological variables. Station locations are illustrated in Figure 1 . Station U1 is located within the heaviest BB region, station U2 is located downwind of the heaviest burning region, and station U3 is located near the coast, farthest downwind of the region of heaviest burning. In Figures 3a, 3c , and 3e, temperature and dew point are modeled well for all three locations. Dew point is slightly over-predicted in the mid-troposphere below 700 hPa for station U2 and station U3, yet differences between observations and model values are rather small when taking into account the standard error at these pressure levels. In Figures 3b, 3d , and 3f, wind speed and wind direction match very well at stations U2 and U3, with some inconsistencies at station U1. The shape of the wind speed and wind direction profiles with height matches well between observations and model values, even if absolute values are somewhat higher in the model at station U1. In general, standard error bars overlap for the majority of the observations, indicating that differences between modeled and observed values are not statistically significant and that the model is predicting these variables with adequate skill.
[24] The skill at which traditional surface meteorological fields are predicted by atmospheric models can be judged with the following criterion: (1) s m $ s obs (2) E < s obs and (3) E UB < s obs where s is the standard deviation, E is the root mean square error (RMSE), and E UB is the biascorrected RMSE [Keyser and Anthes, 1977; Pielke, 2002] . The subscript m refers to the model results and the subscript obs refers to the data. Table 1 shows statistics for four surface meteorological fields over all surface ISH stations and observations used for comparison. These statistics are computed across all stations and observations over the 30-day simulation. Table 1 indicates that criteria (1), (2), and (3) are met for temperature, dew point, and wind direction. Criteria (2) and (3) do not pass for wind speed, yet the standard deviations match rather well, meeting criterion (1).
In addition, mean bias and mean normalized bias are rather low for all variables, including wind speed. Overall, the model predicts the surface temperature, dew point, and wind direction very well, and predicts the wind speed acceptably well over our simulation region and period.
[25] Figure 4a compares column AERONET AOD measurements and model-predicted column AOD averaged over the simulation for eight AERONET stations across South America in domains D3 and D4. Station locations are pictured in Figure 1 . Observations are paired with model results in time and space, and are then averaged to an 8-day temporal resolution matching the temporal resolution of the GFEDv2 input data set. The model compares well with AERONET measurements in all areas: in BB source regions (A1-A3), in sites along the Andes (A4-A5) and in regions downwind of BB (A6-A8). We find that the average AOD in BB source regions is over-predicted by the model at stations A2 and A3 but is slightly under-predicted at A1 compared to AERONET observations. The difference in mean values between AERONET and the model fail a nondirectional t-test for statistical significance at the 90% confidence interval for all stations, indicating statistical similarity between the model and data for all stations. Additionally, the normalized bias over all stations and observations is low (+16%) as the model over-predicts AOD at four sites and under-predicts AOD at four sites.
[26] Figure 4b illustrates comparisons between simulationand domain-averaged AERONET inversions of SSA and modeled SSA for six of the eight AERONET stations with aerosol inversions in Figure 4a . Spectrally resolved SSA in each grid cell and at each time step was predicted from sizeand composition-resolved aerosols in the model, and was averaged to an 8-day temporal domain similar to Figure 4a . We find rather good comparisons between modeled SSA and inverted SSA from AERONET measurements, as well as between modeled SSA and previous studies [Dubovik et al., 2002; Eck et al., 2003; Remer et al., 1998 ]. For stations in BB source regions, we find a slight underprediction of the SSA by $0.03 at stations A1 and A3, located in the southeast and south central Amazon, respectively, and an over-prediction of the SSA by $0.06 at station A2, located in the southwest Amazon. In stations farther to the southeast, we find a slight over-prediction of the SSA. The difference in mean values between AERONET and the model fail a non-directional t-test for statistical significance at the 90% confidence interval for only one station, yet, significance could not be determined at stations A7 and A8 due to a lack of sufficient data. However, the model yields a low total normalized bias over all stations and observations (+0.11%). BB in the arc of deforestation is dominated by forest fires whereas regions to the southeast of the arc of deforestation are largely dominated by savanna and agricultural fires [van der Werf et al., 2010] . The physical and optical properties of aerosols derived from forest and savanna fires in the Amazon are markedly different [Eck et al., 2003; Remer et al., 1998 ]. In particular, savanna grass and agricultural residue have a higher combustion efficiency and produce relatively higher amounts of BC compared to woody-fuel forest fires, resulting in a lower SSA of the emitted aerosol [Ward et al., 1992] . We find that just downwind of the heart of Brazilian agricultural sugarcane production, station A7 (São Paulo) exhibits lower modeled SSA and AERONET SSA than stations within the Amazon Basin, as expected. This lower SSA may also partially result from darker urban aerosol which may have also been present during days dominated by BB aerosol. 
Aerosol-Cloud Relationships Determined From Simulations w/ BB Minus Simulations w/o BB and Remote Sensing Observations
[27] The effect of BB on clouds, precipitation, and the radiative balance of the atmosphere is studied through simulations that included and excluded BB emissions. Table 2 shows area-weighted simulation-and domain-averaged differences between simulations w/ BB and w/o BB in domains D3 and D4. Averaged column aerosol number, mass, optical depth, and absorption optical depth increase in the simulation w/ BB relative to the simulation w/o BB for both domains. The addition of BB aerosols and gases decreases surface net downward solar irradiance due to (1) backscattering and absorption of incoming solar radiation [Ackerman et al., 2000] and (2) microphysical aerosol effects which increase cloud brightness [Coakley et al., 1983; Twomey, 1977] . Surface net downward infrared irradiance increases as BB aerosols and gases scatter and absorb radiation [Jacobson, 1998 [Jacobson, , 2001b . Even though the majority of BB aerosols are smaller than the wavelength of infrared energy, some aerosol is emitted to the coarse mode, fine mode aerosol coagulates to the coarse mode, and aerosols grow to larger sizes. IR extinction may be attributed to these larger aerosols, as well as from BB gases such as H 2 O, O 3 , and CO 2 . A similar change in thermal IR ($+10-15%) at the surface has been shown in multiple studies for regions of urban pollution without feedbacks to clouds [Bergstrom and Viskanta, 1973; Jacobson, 1997] . Here, changes to cloud cover and the thermal structure of the atmosphere between simulations w/ BB and w/o BB also contribute to the change in the surface IR. The surface net downward solar+IR irradiance averaged over the simulation is negative, indicating an overall cooling of the earth's surface. A corresponding decrease in the simulation and domainaveraged surface air temperature is detected in both domains D3 and D4, with a decrease in turbulent kinetic energy (TKE) corresponding to a stabilization of the lower boundary layer [Yu et al., 2002] .
[28] Figure 5a shows time-averaged vertical profiles of temperature and TKE for the simulation w/ BB minus w/o BB for domain D4. Temperatures increase in the simulation w/ BB at the aerosol layer near 800 hPa as a result of absorption by BC and brown carbon in BB aerosols [Feingold et al., 2005] . This height corresponds rather well with direct observations of the aerosol layer height in the region [Davidi et al., 2009] . A decrease in temperature is also detected at the surface, stabilizing the lower boundary layer. This surface cooling and lower-tropospheric warming results in a large area of regional subsidence, the formation of a surface thermal high pressure, and surface divergence of air between simulations w/ BB and w/o BB (auxiliary material Figure S2 ). The magnitude of the surface pressure increase due to BB is similar to that provided by Zhang et al. [2009] .
[29] Stabilization of the lower boundary layer is further evidenced by the decrease in TKE below the aerosol layer in Figure 5a , which in turn reduces surface fluxes of sensible and latent heat [Jacobson, 1998; Jiang and Feingold, 2006; Yu et al., 2002] , as indicated in Table 2 . The reduction in latent heat flux in the simulation w/ BB is only $25% of the reduction in sensible heat flux (Table 2) , which agrees with a study by Zhang et al. [2008] over the Amazon. This decrease in latent heat flux also serves to increase surface soil moisture in the simulation w/ BB ( Table 2 ). The contribution of increased surface water vapor flux from BB combustion between the simulations w/ and w/o BB is found to be relatively small, at a rate of 0.000868 mm/day averaged over domain D4, which equates to 0.056% of the average evapotranspiration rate (1.55 mm/day) and 0.080% of the average precipitation rate (1.09 mm/day), yet localized effects may be more substantial. The increase in temperature at the aerosol layer serves to destabilize the atmosphere directly above the aerosol layer, as also indicated by the increase in TKE [Feingold et al., 2005; Koch and Del Genio, 2010] . Figure 5b shows the difference in cloud liquid water between the simulations w/and w/o BB. The largest increase in cloud liquid water exists directly above the aerosol layer at a similar height to the increase in TKE in Figure 5a , suggesting that destabilization of the atmosphere above the aerosol layer by aerosol absorption may play a role in cloud formation. In addition, this peak in cloud liquid water only exists in the $150 hPa above the aerosol layer, suggesting that the vertical extent of convection due to destabilization is limited to a shallow layer.
[30] Simulation and domain-averaged COD is 27% and 43% higher in the simulation w/ BB in domains D3 and D4, respectively (Table 2) . Cloud absorption optical depth is also higher as a result of the optically thicker clouds. However, we also find that COD does not increase monotonically with increased BB aerosol loading. Figure 6 shows both MODIS Aqua cloud-averaged COD and model cloud-averaged COD in the simulation w/ BB binned by MODIS and model AOD, respectively, for domain D4. AODs are restricted to below 0.9 to allow for the analysis of aerosol effects at relatively high AODs, but also to prevent aerosol misclassification as cloud [Brennan et al., 2005] . Four bins of equal width are employed between AODs of 0.01 and 0.2 to resolve aerosol effects at low AODs, and seven bins of equal width are employed between AODs of 0.2 and 0.9. Cloud contamination of aerosol may still occur in this range, but significant contamination is unlikely [Kaufman et al., 2005b] . Remotely sensed AOD is only possible in clearsky regions, yet we assume the clear-sky AOD is equal to the cloudy-sky AOD in each grid box. Only cloudy regions are included in the cloud-averaged COD; therefore, situations where meteorological conditions result in cloud-free skies with high AOD are not included. Error bars denote the standard error of the mean value in each bin.
[31] Figure 6a shows that both MODIS and model cloudaveraged COD increase with increasing AOD to an AOD of $0.3, and then decrease with increasing AOD between $0.3 and 0.9. A similar relationship has been found in observational studies of aerosol-cloud correlations over the Amazon [Koren et al., 2008; Ten Hoeve et al., 2011] , in cloudresolving large eddy simulations of warm clouds over the Amazon [Jiang and Feingold, 2006] , and is consistent with theory [Rosenfeld et al., 2008] . The increasing followed by decreasing relationship is attributed to competing microphysical and radiative effects of aerosols. The increase in COD at low AODs is due to a combination of more numerous cloud drops with a lower mean drop radius (Table 2 and Figure 7a ) and higher cloud liquid water (as shown in Figure 7c ). At higher AODs, microphysical effects saturate due to the limited availability of liquid water [Kaufman and Fraser, 1997] , whereas radiative effects of aerosols outside, within, and between cloud drops, which serve to thin and darken clouds as well as reduce surface heat and moisture fluxes, increase in magnitude.
[32] Since both MODIS and the model follow a similar increasing then decreasing relationship, we suggest that this relationship has a physical basis and is not dominated by MODIS retrieval artifacts such as brightening of aerosols near clouds [Wen et al., 2006] , cloud contamination of aerosol, or artificial reduction of CODs under a lofted absorbing aerosol layer [Wilcox et al., 2009] , even though these artifacts may still be present. This relationship is also not likely dominated by increased humidity near clouds, which can increase aerosol scattering [Twohy et al., 2009] , since a similar increasing followed by decreasing relationship is shown for cloud-averaged COD binned by dry aerosol mass substituted for AOD (Figure 6c) .
[33] Figure 6a illustrates the correlation between cloudaveraged COD and AOD. Variability in the background meteorology, not associated with BB aerosols, may also play a role in the relationship [Ten Hoeve et al., 2011] . To analyze the causal effect of BB, differences between simulations w/ BB and w/o BB were studied. Figure 6b shows cloudaveraged COD binned by AOD for the simulation w/ BB, similar to Figure 6a but plotted on a different y axis scale, as well as the difference in cloud-averaged COD binned by AOD between simulations w/ BB and w/o BB. The dashed line representing the differenced simulation illustrates the causal effect of the BB aerosols relative to the simulation with only background aerosol. The difference in COD is positive for AODs from $0.1-0.6. BB aerosols are generally smaller relative to background aerosols (82% of aerosol mass is contained in aerosol sizes below 2.5 mm in the simulation w/ BB compared with 75% in the simulation w/o BB). As a result, for the same AOD loading in the simulation w/ BB minus w/o BB, there are more cloud condensation nuclei (CCN) in the simulation w/ BB than the simulation w/o BB for AODs between $0.1 and 0.6 (as shown in Figure 7a) . The higher CCN concentration in the simulation w/ BB results in more cloud drops that grow to smaller sizes. This serves to increase the COD in the simulation w/ BB relative to the simulation w/o BB for the same cloud water content. At AODs below $0.1, COD is slightly higher for the simulation w/o BB. At these very low AODs, the simulation w/ BB contains a larger fraction of small particles that activate less readily relative to the simulation w/o BB for the same AOD, in turn resulting in a lower COD in the simulation w/ BB. At AODs higher than $0.1, there is a greater number of large and small particles and so the simulation w/ BB contains more CCN that can activate relative to the simulation w/o BB.
[34] In Figure 6a , the AOD value of $0.3 at which the slope of the MODIS and model curves change from positive to negative represents the AOD threshold at which radiative effects exceed microphysical effects in the simulation w/ BB, and COD begins to decrease with increasing AOD. This AOD threshold is consistent with the threshold provided by Koren et al. [2008] . The AOD value of $0.6 in Figure 6b at which the w/ BB minus w/o BB curve changes from positive to negative represents the AOD threshold at which clouds become optically thinner in the simulation w/ BB compared to w/o BB. Because the simulation w/ BB exhibits a generally stronger microphysical effect at low AODs and a stronger radiative effect at higher AODs than the simulation w/o BB, the AOD threshold at which the w/ BB minus w/o BB curve changes from positive to negative in Figure 6b is higher than the AOD threshold at which radiative effects begin to dominate microphysical effects in the simulation w/ BB in Figure 6a . Therefore, clouds are optically thicker at AODs between $0.1 and $0.6 and are optically thinner at AODs higher than $0.6 in the simulation w/ BB compared to the simulation w/o BB, even though the AOD threshold at which dominance of microphysical effects gives way to dominance of radiative effects in the simulation w/ BB occurs at a lower AOD.
[35] At AODs between $0.6 and 0.9, the COD becomes negative in the simulation w/ BB relative to the simulation w/o BB. At these higher AODs, radiative effects of absorbing BB aerosols, which reduce surface fluxes and burn off clouds at the aerosol layer [Feingold et al., 2005; Yu et al., 2002] , thin clouds in the simulation w/ BB compared to w/o BB. Locally high AODs in the simulation w/o BB are from pollen/spore/bacteria aerosols, soil dust aerosols, and biogenic organic gases that convert to particles, many of which have also hygroscopically grown in humid environments, but are not as absorbing as BB aerosols. This radiative effect at high AODs also suggests that destabilization above the aerosol layer ( Figure 5 ) does not fully account for changes in COD between the simulations or further increases in COD would likely be observed at high AODs. Significantly fewer COD-AOD pairs exist for the simulation w/o BB compared with the simulation w/ BB at high AODs (auxiliary material Table S1 ), resulting in the larger error bars at higher AODs. Figure 6d shows a similar result to Figure 6b with cloud-averaged COD binned by dry aerosol mass instead of AOD, again suggesting that these relationships are not dominated by the effect of humidification of aerosols near clouds. The number of COD-AOD pairs for dry aerosol mass in Figures 6c and 6d is given in auxiliary material Table S2 .
[36] Simulation-and domain-averaged cloud fraction, precipitation, column cloud liquid drop number, column cloud ice crystal number, column cloud liquid water, and column cloud ice increase in the simulation w/ BB in domain D4 (Table 2 ). Increases in column cloud liquid drop number and cloud liquid water are consistent with aerosol microphysical effects which grow more activated CCN to smaller sizes and enhance cloud development [Quaas et al., 2008] . The increase in column cloud ice crystal number and cloud ice also suggest an invigoration of cold cloud processes. The greater number of ice crystals (due to BB particles serving as ice deposition nuclei) and increased cloud ice also result in a +28% increase in lightning flashes in domain D4. The ratio of cloud liquid to cloud ice in domain D4 decreases by 4.8% as increases in cloud ice outpace increases in cloud liquid. Yet, the ratio of cloud liquid to ice remains high as shallow liquid cumulus clouds still dominate the cloud field (auxiliary material Figure S1 ). In domain D3, cloud fraction, precipitation, column cloud ice crystal number, and column cloud ice decrease in the simulation w/ BB compared with the simulation w/o BB due a slowing of the larger regional hydrological cycle by BB aerosols [Ramanathan et al., 2005] . However, similar to COD in Figure 6 , we find that many of these cloud variables are influenced by competing aerosol effects at different degrees of aerosol loading, discussed below.
[37] Figure 7 shows several model variables binned by AOD for daytime hours of the simulation w/ BB (black lines) and for the simulation w/ BB minus w/o BB (gray lines) in domain D4. Figure 7a shows that column cloud liquid drop number generally increases with AOD in the simulation w/ BB along the range of AODs studied, with a lower rate of increase at AODs above $0.15 due to saturation effects. However, column cloud ice crystal number (Figure 7b ), column cloud liquid water (Figure 7c ), cloud fraction (Figure 7d) , and precipitation rate (Figure 7e) , exhibit a decrease with increasing AOD for AODs above $0.1 in the simulation w/ BB. This threshold of $0.1 between increasing and decreasing cloud fraction in Figure 7d is at a slightly lower AOD than the threshold in Figure 6a or the threshold observed by Koren et al. [2008] , but is consistent with a study by Myhre et al. [2007] that suggests increases in cloud fraction below AODs of $0.2 may be due to aerosol microphysical effects, but increases in cloud fraction above AODs of $0.2 may be due to other non-aerosol effects such as meteorological variation. For instance, low cloud fractions at high AODs may be explained by the fact that high pressure favors both high AOD conditions as well as cloud-free skies. The exact AOD threshold separating the dominance of aerosol microphysical and radiative effects in the simulation w/ BB may also be somewhat uncertain. The decreasing behavior with increasing AOD in the simulation w/ BB agrees with some TEN HOEVE ET AL.: AEROSOL-CLOUD INTERACTIONS OVER AMAZON D08203 D08203 observational studies [Jiang et al., 2008; Koren et al., 2004] , but disagrees with others depending on the year analyzed [Lin et al., 2006; Yu et al., 2007] .
[38] Grey lines representing the differenced w/ BB and w/o BB simulations in Figure 7 provide the causal effect of the BB aerosols. In Figure 7a , radiative effects at AODs above $0.6 in the simulation w/ BB reduce the number of column cloud liquid drops in the simulation w/ BB relative to the simulation w/o BB, even though the number of available CCN is higher. This negative change in cloud liquid drop number with increasing AOD is consistent with the strong radiative effect on COD shown in Figure 6b -the lower relative humidity and reduced surface fluxes in the simulation w/ BB relative to the simulation w/o BB result in a reduction in the number of cloud liquid drops and COD. Figure 7b shows a similar behavior for column cloud ice crystal number, with a positive change at low AODs due to the greater number of available IDN in the simulation w/ BB, followed by a negative change at higher AODs. In Figures 7b-7e , cloud and precipitation variables are higher in the simulation w/ BB compared to the simulation w/o BB for AODs between $0.1 and $0.5-0.7, and are lower for AODs above $0.5-0.7. Similar to Figure 6b , radiative effects may begin to dominate in the simulation w/ BB at a lower AOD than $0.5-0.7 for variables in Figures 7b-7e , as shown by the changing slope of the curves at an AOD of $0.1 in the simulation w/ BB. At an AOD of $0.5-0.7, radiative effects offset the stronger microphysical effect in the simulation w/ BB, changing the values of the w/ BB minus w/o BB curves from positive to negative. In Figures 7c and 7e , these w/ BB minus w/o BB curves are negative at very low AODs (<$0.1) possibly due to the larger fraction of small aerosol particles that do not activate as readily in the simulation w/ BB compared to the simulation w/o BB, similar to Figure 6b .
[39] Can aerosol washout/rainout play a role in these aerosol-cloud relationships? Thicker clouds may result in more precipitation and higher aerosol washout/rainout rates, resulting in a negative relationship between aerosols and clouds, yet we find that when the effect of washout/rainout is removed in the model, similar increasing followed by decreasing relationships between cloud variables and aerosol loading are still present, suggesting that washout/rainout has a minimal effect (see auxiliary material Figures S3 and S4 ). This two regime relationship shown in Figures 6 and 7 also agrees with a cloud-resolving large eddy simulation of warm clouds over the Amazon [Jiang and Feingold, 2006] . In the study, COD was shown to initially increase with increasing aerosol number concentration, and then decrease with increasing aerosol number concentration at higher aerosol concentrations due to radiative feedbacks of aerosols that stabilize the sub-cloud layer and reduce surface fluxes at high aerosol loadings, similar to results found here. Furthermore, surface temperature, the number of liquid cloud drops, cloud fraction, and cloud liquid water all become increasingly more negative with increasing aerosol number concentration for simulations w/ minus w/o radiative effects, again similar to results shown here [Jiang and Feingold, 2006] . The Jiang and Feingold [2006] study only modeled warm clouds, but our mixed-phase simulations show similar results since (1) many of the clouds in our simulation are warm clouds (auxiliary material Figure S1 ) and (2) a similar two regime behavior appears to exist for ice clouds as well (Figure 7b ). Strong similarities between modeling results in this study and the cloud-resolving study of Jiang and Feingold [2006] , along with similarities to remote sensing observations, suggest that the aerosol-cloud relationships presented in this study are physically based and that the critical microphysical, radiative, and dynamical processes that determine the effects of aerosols on clouds in this region and season are adequately simulated by the model.
[40] Figure 7f shows the impact of competing aerosol effects on the radiative balance of the atmosphere. In the differenced w/ BB minus w/o BB simulation, we find a largely negative change (up to À18 W/m 2 ) in the net TOA downward solar+IR irradiance for AODs below $0.5. This corresponds to an earth-atmosphere cooling in the simulation w/ BB compared to the simulation w/o BB as a negative irradiance change represents net energy removed from the earth-atmosphere system. However, at AODs higher than $0.5, the reduction in COD and cloud fraction shown in Figure 6b and Figure 7d , respectively, results in a positive change in the TOA irradiance up to 100 W/m 2 . The radiative effect of aerosols produces a greater relative warming at high AODs compared to the cooling produced at lower AODs; however, these high AOD scenarios occur less frequently than lower AOD scenarios. In Figure 7f , 69% of the total COD-AOD pairs in the simulation w/ BB and 95% of the pairs in the simulation w/o BB produce a negative TOA irradiance change (<$0.5 AOD) whereas the remaining fewer pairs produce a positive TOA irradiance change (>$0.5 AOD) (auxiliary material Table S3 ).
[41] Figure 8 further probes the competition between aerosol microphysical and radiative effects and their net impact on the regional radiative balance by analyzing the domain-averaged diurnal variation of the differences in COD, cloud fraction, and net TOA solar+IR irradiance between simulations w/ BB and w/o BB. From 0:00 LT until sunrise, aerosol microphysical effects in the absence of sunlight increase COD and cloud fraction in the simulation w/ BB relative to the simulation w/o BB. A corresponding positive change in the net TOA solar+IR irradiance is detected as aerosols, gases, and clouds absorb and scatter IR. After sunrise, the net TOA irradiance difference changes from positive to negative as cloud fields that are brighter and cover a larger fraction of the sky reflect more solar radiation in the simulation w/ BB relative to the simulation w/o BB. This irradiance change is most negative (À11 W/m 2 ) when the COD and cloud fraction difference is greatest at 8:00-9:00 LT. After this time, radiative effects begin to play a larger role as the incoming solar flux increases, and the positive COD/cloud fraction change begins to diminish. The net TOA irradiance difference changes from negative to positive at 16:00-17:00 LT as radiative effects increase in magnitude relative to microphysical effects. This positive irradiance change is maximized (+7.3 W/m 2 ) when the difference in COD/cloud fraction is minimized at 18:00-19:00 LT during early evening. The COD begins to increase again after sunset and the net TOA irradiance remains above zero throughout the night. Over the averaged simulated day, a radiative flux change of À0.90 W/m 2 is found, implying an overall net cooling due to BB.
[42] These results are consistent with a modeling study over the Amazon using WRF-Chem [Wu et al., 2011] , which shows a similar BB-induced diurnal cycle in clouds attributed to competing microphysical and radiative effects of aerosols. Yet, it should be stated that these irradiance changes are somewhat uncertain since the model simulates cloud ensembles rather than individual clouds. For instance, squall lines resulting from the dynamical-microphysical feedback of aerosols to convective outflows and new convective initiation will not be adequately resolved in these simulations [Khain et al., 2005] . It has been shown that the effect of aerosols on convective systems may be different than the effect on isolated deep convection [Khain, 2009] . Furthermore, convective anvils, which may have a large impact on the radiative balance, are not resolved in this study. Cloud invigoration over the Atlantic and Pacific Oceans has been observed to result in an increase in the total and anvil cloud fraction, a decrease in the tower size to anvil size ratio, and consequently an increase in the TOA downward irradiance [Koren et al., 2010b] . However, the majority of clouds that form in this region and season are shallow cumuli that do not contain anvils. Nevertheless, cloud-resolving simulations are needed to accurately model cloud-scale effects, making the results presented here somewhat uncertain. The simulationaveraged radiative flux change found here is similar to the value of À0.84 W/m 2 found due to BB aerosol effects in a previous study using GATOR-GCMOM [Jacobson, 2004] , and is consistent with regional values of the total aerosol effect over South America from other global modeling experiments [Bauer et al., 2010; Koch et al., 2011] .
[43] These findings suggest that the time of the day may have a substantial impact on the radiative forcing of BB emissions. This analysis assumes a constant rate of BB emissions throughout the day. Additional studies are required to assess the impact of a more realistic diurnally varying BB emission rate on these opposing microphysical and radiative aerosol effects [Giglio, 2007] ; however, this impact is assumed to be small since the average lifetime of aerosol emissions in the atmosphere is significantly longer than one day.
Conclusions
[44] This study analyzes the influence of biomass burning (BB) aerosols on mixed-phase clouds, precipitation, and the regional radiative balance through simulations that included and excluded BB during the peak of the 2006 Amazon fire season. The climate-air pollution-weather forecast model, GATOR-GCMOM, which contains physical treatment of aerosol-cloud microphysical and radiative (semi-direct and cloud absorption) effects, was used. A global domain at 4.0 NS Â 5.0 WE resolution and three nested domains ranging between resolutions of 1.0 NS Â 1.0 WE and 0.2 NS Â 0.2 WE were employed over the heaviest BB region in the arc of deforestation. Comparisons with MODIS Aqua and TRMM observations show that the model predicts AOD, COD, column water vapor, cloud top pressure, and precipitation rate rather well over the simulation domain and period. We also find that the model accurately predicts upper-air and surface meteorological variables paired in time and space. Finally, comparisons between AERONET and model AOD and SSA for several stations in the domain are also shown to be consistent.
[45] Previous observational, theoretical, and cloudresolving modeling studies have suggested there may be a smooth transition between aerosol microphysical and radiative effects. We compare correlations between cloudaveraged COD and AOD developed using a physical GCM with remotely sensed MODIS correlations between COD and AOD over the Amazon Basin. We find that in agreement with earlier studies both observations and model results suggest an increase in COD with increasing AOD for AODs below $0.3 due to a combination of aerosol microphysical effects and destabilization of the atmosphere above the aerosol layer from aerosol heating, whereas COD decreases with increasing AOD for AODs between $0.3 and 0.9 due to radiative effects which evaporate clouds and stabilize the lower boundary layer, reducing surface sensible and latent heat fluxes. The similarity between MODIS observations and model results suggest that these correlations are physically based, and are not dominated by satellite retrieval artifacts such as the brightening of aerosols near clouds, cloud contamination of aerosol, or artificial darkening of clouds below an absorbing aerosol layer. A similar increasing followed by decreasing relationship was found between cloud-averaged COD and dry aerosol mass in the model, suggesting that aerosol humidification is also not dominant in this AOD range. Furthermore, the agreement of this result with other observational and cloud-resolving modeling studies conducted at different resolutions with varying levels of detail points to the robustness of this two regime relationship and suggests that the critical microphysical, radiative, and dynamical processes that determine the effect of aerosols on clouds in this region and season are simulated acceptably well at the scales employed in our model experiments.
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[46] Correlations, however, can be affected by changes to the background meteorology over the simulation period and domain and thus do not represent the isolated effect of the BB. To study the causal effect of BB, differences between simulations w/ BB and w/o BB were analyzed. Increases in simulation-and domain-averaged column ice crystal number, column cloud ice, and lightning flashes in the simulation w/ BB compared to the simulation w/o BB suggest an overall invigoration of cold cloud processes. We also find that COD, column cloud liquid drop number, column cloud ice crystal number, column cloud liquid water, cloud fraction, and precipitation are generally higher in the simulation w/ BB than in the simulation w/o BB for AODs below $0.5-0.7. At AODs between $0.5-0.7 and 0.9, we find these variables are lower for the simulation w/ BB compared to the simulation w/o BB. The AOD threshold at which the simulation w/ BB minus w/o BB changes from positive to negative ($0.5-0.7) is higher than the AOD threshold at which radiative effects begin to dominate microphysical effects in the simulation w/ BB ($0.1-0.3). This is because the simulation w/ BB exhibits an enhanced microphysical and radiative effect compared to the simulation w/o BB. For the radiative effect to offset the stronger microphysical effect in the simulation w/ BB, the AOD threshold at which the simulation w/ BB minus w/o BB changes from positive to negative must be higher than the AOD threshold at which radiative effects begin to dominate microphysical effects in the simulation w/ BB. Altogether, we find that the total aerosol effect is a sum of both microphysical and radiative effects that vary in magnitude for different degrees of aerosol loading.
[47] The impact of competing aerosol microphysical and radiative effects on the regional radiative balance is also studied. Correlations between the net TOA downward solar+IR irradiance and AOD differenced between the simulations w/ BB and w/o BB show that microphysical effects decrease the radiative flux into the earth-atmosphere system at AODs below $0.5 (earth-atmosphere cooling), whereas radiative effects dramatically increase the radiative flux into the earthatmosphere system at higher AODs (earth-atmosphere warming), yet these high AOD conditions occur less frequently. We also find that microphysical effects dominate in the early morning, decreasing the net TOA solar+IR irradiance relative to the simulation w/o BB. Radiative effects are found to grow in strength throughout the day until they dominate microphysical effects by late afternoon, switching the net effect of BB aerosols from cooling to warming relative to the simulation w/o BB. Averaged over all hours of the simulation, we find that BB results in a net TOA solar+IR radiative flux change of À0.90 W/m 2 , with an average peak cooling of À11 W/m 2 in the morning and an average peak warming of +7.3 W/m 2 in the early evening. Thus, the time of day is found to have a large impact on the radiative forcing of BB emissions. It should be stated, however, that the magnitudes of these radiative flux changes are somewhat uncertain due to uncertainties in the parameterization of convection in the model.
